Introduction {#S0001}
============

Cholangiocarcinoma (CCA) is an adenocarcinoma of the biliary ductal system.[@CIT0001] It is rare in the West (although incidence is rising[@CIT0002],[@CIT0003]) but endemic in southeast Asian countries, where the cause is generally infestation with liver fluke following consumption of uncooked river fish.[@CIT0004] Cysts hatch in the duodenum, migrate into the bile duct and mature in the extrahepatic bile ducts. Adult activity causes damage to the biliary epithelium. Eggs become trapped in periductal tissue and induce granulomatous inflammation. Toxic excretions cause chronic irritation and epithelial hyperplasia that can eventually lead to oxidative DNA damage and malignant transformation.[@CIT0005] Despite education programs, an estimated 9.4% of the Thai population (around 6 million people) is affected with fluke. Khon Kaen University Hospital is the centre for treatment in Isaan province, where CCA is responsible for 25,000 deaths per year.[@CIT0006]

Precursors of CCA include egg-induced granulomatous inflammation, periductal fibrosis and intraepithelial neoplasia. Tumours may be intrahepatic and extrahepatic[@CIT0007] and are classified into mass forming, periductal infiltrating and intraductal types.[@CIT0008],[@CIT0009] There is significant histological variation due to cholangiocyte diversity[@CIT0010] and updated classifications have been proposed.[@CIT0011] CCA is a silent disease, with few early symptoms (lethargy, weight loss, abdominal pain, itching) although obstructive jaundice may occur as intraductal tumours develop. Biomarkers still lack sufficient sensitivity and specificity for screening.[@CIT0012] Ultrasound has been successful in identifying mass-forming lesions and periductal fibrosis.[@CIT0013] However, periductal and intraductal tumours are more difficult to detect, so patients typically present in their early 60s when disease is advanced. CCA is resistant to radiotherapy and chemotherapy,[@CIT0014] and surgery offers the main possibility of a cure; however, it is difficult to achieve sufficient resection margin and the 5-year survival rate is low.[@CIT0015]

Diagnostic imaging is performed using computed tomography or magnetic resonance imaging (MRI); here we focus on the latter. Affected ducts appear with thickened, irregular, asymmetric or indistinct outer walls, and CCA is often inferred from dilation or constriction.[@CIT0016] Due to neovascularization, inflammatory lesions and intraductal tumours have different enhancement patterns in the hepatic arterial, portal venous and delayed phases of dynamic contrast imaging.[@CIT0017] In advanced cases, imaging appearance and correlation with histopathology are well established.[@CIT0018] However, not all tumours present with a classical appearance, especially early-stage cases that might be detected by ultrasound examination.[@CIT0019] Technical advances and multimodal imaging are therefore needed to differentiate inflammatory from malignant lesions.[@CIT0020]

This paper considers the use of internal detection coils to improve tissue differentiation, by virtue of the increased local signal-to-noise ratio (SNR) obtained from a reduced field-of-view (FOV) for body noise.[@CIT0021] Many such coils have been demonstrated, with introduction via a catheter[@CIT0022],[@CIT0023] or an endoscope.[@CIT0024] However, all have spatially variable signal reception. The need for image correction has then often outweighed any advantage, as have safety considerations.[@CIT0025] Most have been intended for vascular or gastrointestinal imaging, and biliary imaging has received little attention.[@CIT0026] We have developed a prototype duodenoscope with a signal-receiving sheath along its shaft for this purpose.[@CIT0027] Here we aim to clarify any potential advantage of locally increased SNR, using relaxometry to mitigate non-uniform reception.

Relaxometry uses multiple measurements to estimate relaxation time constants, and therefore depends less on absolute signal level.[@CIT0028] Here we consider the spin-spin time constant, T2. Due to local differences in proton environment, relaxation processes may be multi-exponential,[@CIT0029] and time, temperature and fixation all alter relaxation ex vivo.[@CIT0030],[@CIT0031] Measurements are also affected by diffusion[@CIT0032] and field strength.[@CIT0033] The reproducibility of estimated T2 values was therefore initially low,[@CIT0034] even with standard test objects,[@CIT0035] and their diagnostic significance was correspondingly limited.[@CIT0036] However, sequences have now been developed to minimize diffusion sensitivity[@CIT0037]--[@CIT0039] and increase speed,[@CIT0040],[@CIT0041] and many tissue types have been characterized.[@CIT0042]

Time constants are estimated by non-linear least squares matching to a model. Fitting may be highly inaccurate at low SNR, leading to a bias in estimated value.[@CIT0043],[@CIT0044] However, bias largely disappears at high SNR. The residual effect of noise is to convert time constants into distributions of values, which limit differentiation of tissues with similar T2. An inverse relation between SNR and the standard deviation σ~T2N~ of T2 due to noise is known,[@CIT0045],[@CIT0046] suggesting that differentiation will increase at higher SNR. Matching to bi-exponential models will also be improved, since this requires inherently higher SNR.[@CIT0047],[@CIT0048]

No relaxation experiments appear to have been performed with internal coils, or on diseased biliary ductal issue. The aim of this work was to investigate both aspects by performing an ex vivo investigation of CCA resection specimens employing an endoscope coil for signal reception, using comparison with an external coil to determine whether a local SNR advantage can improve T2 mapping sufficiently to increase tissue differentiation in the absence of contrast agents. Background theory relevant to the discussion is summarized in an [[Appendix](https://www.dovepress.com/get_supplementary_file.php?f=232392.docx)]{.ul}. Here, Figure A1 confirms the theoretical relation between the expected performance of a system and the SNR using experimental data from phantoms.

Methods {#S0002}
=======

Ex vivo T2 mapping was performed on resection specimens from Thai patients with CCA at Khon Kaen University Hospital (KKUH), following the grant of ethics approval by the local Ethics Committee and signature of patient consent forms. Residual specimens were made available for imaging after completion of standard histopathology (formalin fixation, sectioning, staining with haematoxylin and eosin, microscopic examination and confirmatory diagnosis). Tissue sampling and displacement of the MR slice plane both degrade anatomical correlation. Fixation also alters tissue dimensions, elastic properties and MR time constants. Despite this, it was expected that gross morphology and general T2 differences would be preserved.

T2 mapping was carried out with a 3T clinical whole-body system (Achieva, Philips Healthcare, Best, Netherlands) at KKUH, using a multi-echo gradient and spin echo (mGRASE) sequence.[@CIT0041] The quadrature body coil (QBC) was used for excitation. Signal reception was carried out using a 16-channel torso phased array coil and a small experimental endoscope coil. SNR was controlled, by varying the number of signal averages (NSA) or the slice thickness (STH). T2 maps were extracted using the vendor's software, and self-developed Matlab algorithms, fitted to the source images. Both were based on maximum likelihood estimates (MLE), without bias correction but with a threshold to exclude regions of low SNR. Data were archived as screenshots of console displays and as DICOM files, containing the source image and T2 map data. SNR values were found as the local signal average at the first echo time divided by the noise, itself found as the standard deviation of the image in signal-free ROIs divided by the correction factor $\documentclass[12pt]{minimal}
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$ between Rician and Gaussian noise.[@CIT0043]

The endoscope coil was based on an array of magnetically coupled L-C resonators known as a magneto-inductive waveguide.[@CIT0049] The complete circuit was fabricated commercially (at Clarydon, Willenhall, UK) by patterning thin copper-clad Kapton to form inductors and parallel plate capacitors. Segmentation and the use of figure-of-eight loops provide passive decoupling from external E fields and B~1~ fields, reducing RF heating and artifacts due to over-excitation. Flexibility allows such coils to be mounted on the shaft of an instrument designed for insertion into the duodenum. Previous experiments using non-magnetic endoscope components and phantoms have shown that such coils do indeed generate few artefacts and can operate with the endoscope shaft curved, while experiments with immersion gel phantoms and fibre optic thermometers have shown little RF heating.[@CIT0027]

Here, a coil with overall imaging length of 1 m was used, based on a set of nineteen 100 mm long loops formed in 35 μm thick copper on a 25 μm thick Kapton substrate. Each overlapped with neighbouring elements, and the overlap was adjusted at the tip to achieve resonance. The coil was mounted on a cylindrical plastic scaffold with a diameter 2r~0~ = 13 mm using heat-shrink tubing, matched to the system impedance using an inductive tap and connected to an auxiliary coil input via a custom interface (Lambda Z Technologies, Baltimore, USA). [Figure 1A](#F0001){ref-type="fig"} shows the thin-film circuit, before and after mounting.Figure 1Thin-film circuit, (**A**) before and after mounting on the shaft of a dummy endoscope; (**B**) coronal image of phantoms obtained using the endoscope coil, indicating its reception pattern.

At large distances, the sensitivity of an internal coil based on parallel wires has a $\documentclass[12pt]{minimal}
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\end{document}$ radial dependence.[@CIT0023] However, the segmented design used here results in subdivision of the field of view into a set of lobes, with increased sensitivity at the resonant tip.[@CIT0027] [Figure 1B](#F0001){ref-type="fig"} shows a coronal image obtained with the coil between two cuboid phantoms, which highlights this effect. A peak SNR advantage over a torso coil has been demonstrated to 3r~0~, implying a transverse field of view of around 40 mm and at least a nine-fold advantage near the coil.

Resection specimens were mounted on a cuboid phantom to provide additional signal, and saline bottles were used to mimic body loading. The tip of the endoscope coil was placed on top of the specimen, with the coil axis parallel to the magnet bore, and the arrangement was then surrounded with the torso coil. Images and T2 maps were acquired in the coronal plane rather than the axial plane normally used to allow image correction with a simple radial weighting. In this case, correction is more difficult, but wholly unnecessary for T2 mapping. However, sensitivity might be expected to vary with transverse position *x* approximately as $\documentclass[12pt]{minimal}
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Verification of system operation and the background theory in the [[Appendix](https://www.dovepress.com/get_supplementary_file.php?f=232392.docx)]{.ul} was also carried out by T2 mapping of phantoms using a similar 3T system. The phantom was a commercial multi-tube test object (TO5 Eurospin II test system, Diagnostic Sonar, Livingston, Scotland)[@CIT0035] consisting of a gel-filled perspex holder containing 12 tubes filled with paramagnetically-doped gel. Excitation was performed using the QBC, and signal reception was carried out using the QBC and a 16-channel torso coil; similar results were obtained, but the QBC provided greater consistency due to its uniform FOV.

Results {#S0003}
=======

Post-operative *ex* vivo human liver specimens with the full range of conditions associated with CCA were examined. The most revealing results were obtained from slices transecting intrahepatic ducts. The first example was a residual slice taken from the extended right hepatectomy of a patient with an intraductal papillary adenoma. [Figure 2](#F0002){ref-type="fig"} shows a reconstruction of the specimen from pathology slide views, in the orientation used for imaging, together with details of key regions. The specimen contained segments V--VIII; white circles enclose portal triads with granulomatous inflammation of vascular lumens surrounded by fibrous connective tissue, while red circles contain intraductal tumours with focal periductal fibrosis.Figure 2Pathology slide overlay for Specimen 1, with key tissues highlighted. White circles contain granulomatous inflammation; red circles contain intraductal tumours.

[Figures 3](#F0003){ref-type="fig"} and [4](#F0004){ref-type="fig"} show T2 maps obtained by matching mono-exponential models to data acquired in a single coronal slice using the torso and endoscope coils, respectively. An mGRASE sequence was used, with a flip angle of 90°, a total of $\documentclass[12pt]{minimal}
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\end{document}$, a 320 x 200 acquisition matrix, a slice thickness of 2 mm, a reconstruction diameter of 160 mm and 2 signal averages. The small FOV and high resolution are noteworthy. White, numbered square regions of interest (ROIs) are discussed below.Figure 3Coronal T2 map of Specimen 1, obtained using the torso coil. White circles contain granulomatous inflammation; red circles contain intraductal tumours. Small and large numbered white squares are regions of interest for signals and noise, respectively.Figure 4Coronal T2 map of Specimen 1, obtained using the endoscope coil. White circles contain granulomatous inflammation; red circles contain intraductal tumours. Small and large numbered white squares are regions of interest for signals and noise, respectively.

These figures highlight the difference between the two coils. The sensitivity of the external coil was relatively uniform, and yielded a SNR in the range 15--35, allowing the entire specimen to be seen in [Figure 3](#F0003){ref-type="fig"}. Regions of granulomatous inflammation (white circles) were identified; however, there were discrepancies in position caused by the use of a sub-surface slice plane. As a result, one intraductal tumour (red circles) now lay at the edge of the capsule while the other appeared absent. Red signal with long T2 at the left-hand side originated from a saline loading bottle. However, although liver parenchyma (blue) was differentiated from ductal tissue (green/yellow/orange), details were blurred and there were significant T2 variations in regions of nominally similar tissue.

In contrast, the sensitivity of the endoscope coil was highly non-uniform, following the sensitivity profile in [Figure 1B](#F0001){ref-type="fig"}. Sensitivity was highest beneath the resonant tip, and the SNR now lay in the range 22--440, implying a peak advantage greater than 10. The map in [Figure 4](#F0004){ref-type="fig"} was segmented vertically by the coil construction into 50 mm long sections, and restricted horizontally by the radial dependence of sensitivity to around 40 mm. Due to the SNR cutoff, only part of the specimen lay within the effective FOV, so that only four regions of granulomatous inflammation could be clearly identified. Despite this, liver parenchyma was found to have a uniform, short T2 (ca 20 ms), while the multiple tissue layers involved in granulomatous reaction were now distinct; all had closely-spaced T2 values, in the range 40--50 ms. This structure may contribute to the appearance of some ducts during conventional imaging.

Other specimens offered less advantageous slice planes. [Figure 5](#F0005){ref-type="fig"} shows the pathology slide overlay from a second example, again from an extended right hepatectomy. This specimen consisted of segments IV--VIII, and contained intraductal tumours in the hilar region (red circles), together with a much larger invasive area enclosed by the dashed line where cancer had advanced beyond the duct wall into the liver parenchyma. The invasive area contained varying densities of tumour cells, desmoplastic stroma and necrosis (for example, as shown in the sub-region circled green). Microscopic examination also showed intraepithelial neoplasia in adjacent dilated intrahepatic ducts (yellow circles).Figure 5Pathology slide overlay for Specimen 2, with key tissues highlighted. The green circle contains part of the large invasive area (dashed line), red circles contain intraductal tumours and the yellow circles contain intraepithelial neoplasia at the edge of dilated ducts. Asterisks indicate sites with similar pathology, investigated in detail.

[Figure 6](#F0006){ref-type="fig"} shows the coronal T2 map obtained with the endoscope coil. Here, the segmentation introduced by the coil design was less severe, but partial volume effects were expected in hilar ducts arising from the 2 mm slice thickness. Despite this, the biliary tree and dilated ducts were visualized, invasive areas were readily located and intraductal tumours were identified as heterogeneous tissue with long T2 (60--70 ms). Very high resolution is needed to distinguish intraepithelial neoplasia, which might also be expected to have long T2; a one positive correlation (arrowed) is shown at the edge of a dilated duct.Figure 6Coronal T2 map of Specimen 2, obtained using the endoscope coil. The green circle contains part of the invasive area, red circles contain intraductal tumours and the yellow circles contain intraepithelial neoplasia at the edge of dilated ducts. The arrow indicates an area with long T2, positively correlated with neoplasia.

Other aspects of parameter estimation were considered, including the effects of SNR, tissue heterogeneity and model order, by detailed investigation of the 11x11 regions of interest (ROI) in specimen 1, numbered 1 and 2 in [Figures 3](#F0003){ref-type="fig"} and [4](#F0004){ref-type="fig"}. The larger ROI numbered 3 was used for noise measurement. [Figure 7](#F0007){ref-type="fig"} shows results obtained from ROI 1, which corresponds to homogeneous liver parenchyma. [Figure 7A](#F0007){ref-type="fig"} and [B](#F0007){ref-type="fig"} show a reduced number of fitting lines obtained by matching mono-exponential models to data obtained using the torso and endoscope coils, respectively. The data are on a logarithmic scale and the increased signal obtained using the endoscope coil is clear. [Figure 7C](#F0007){ref-type="fig"} and [D](#F0007){ref-type="fig"} show the T2 distributions extracted in each case. The low SNR of the torso coil resulted in an unrealistic estimate of the mean of T2 (which is artificially increased by fitting to noise), accompanied by a large standard deviation. The higher SNR of the endoscope coil resulted in a lower T2 and a reduced value of σ~T2N~. It is this reduction that is responsible for clarifying anatomical features in [Figure 4](#F0004){ref-type="fig"}. However, the T2 value (21.4 ms) is substantially lower than literature values for liver parenchyma in vivo (31--34 ms), presumably due to formalin fixation.[@CIT0042]Figure 7Mono-exponential fitting lines (**A, B**) and distributions of T2 values (**C, D**) obtained using the torso coil (upper) and endoscope coil (lower) in ROI 1 of Specimen 1.

As is well known, SNR may also be increased using a larger slice thickness or number of averages, at a price of increased partial volume effects or acquisition time. One effect is to improve feature definition; another is to increase the FOV allowed by the SNR cut-off. [Figure 8](#F0008){ref-type="fig"} shows T2 maps of specimen 1 obtained using the endoscope coil with $\documentclass[12pt]{minimal}
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\end{document}$ would then be expected.Figure 8Coronal T2 maps of Specimen 1 obtained using the endoscope coil with different slice thicknesses between 1 mm and 4 mm.

This trend was verified by matching to data obtained from homogeneous liver parenchyma in ROI 1 using the endoscope coil, as shown by the black line in [Figure 9](#F0009){ref-type="fig"}; there is clearly good agreement. Increasing SNR cannot, however, compensate for tissue variability. Assuming that heterogeneity may be described in terms of a Gaussian distribution of T2 values with a standard distribution σ~T2H~, the overall variation *σ~T2~* must contain contributions from both σ~T2N~ and σ~T2H~ (Equation A9). This relation was verified for ROI 2, which clearly contains heterogeneous tissue, by matching data to the relation $\documentclass[12pt]{minimal}
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\end{document}$ as shown by the grey line in [Figure 9](#F0009){ref-type="fig"}. Once again, good agreement is obtained.Figure 9Comparison of extracted variations of normalised standard deviation of T2 with the inverse of the slice thickness with fitting lines, for the approximately homogeneous tissue (black line) and clearly heterogeneous tissue in ROIs 1 and 2 of Specimen 1 (grey line).

The increased SNR offered by the endoscope coil should, in addition, improve testing of higher-order relaxation models. [Figure 10](#F0010){ref-type="fig"} shows the results obtained by matching bi-exponential models to data from ROI 1. [Figures 10A](#F0010){ref-type="fig"} and [B](#F0010){ref-type="fig"} show fitting lines obtained using the torso and endoscope coils, respectively, and [Figure 10C](#F0010){ref-type="fig"} and [D](#F0010){ref-type="fig"} show the corresponding distributions of estimated time constants. For the torso coil, only the short time constant T21 is shown, as the SNR was insufficient to yield a recognizable distribution for the long time constant T22. For the endoscope coil, distributions were extracted for both T21 and T22. Both have large standard deviations, as predicted by the discussion of Equation A10. However, these results suggest that the mono-exponential estimate of T2 was only slightly overestimated, since the component with longer T22 (50 ms) is relatively weak. The results above confirmed that increasing SNR improves the accuracy and reduces the spread of T2 values estimated using low-order models, and increases the ability to achieve realistic parameters for higher-order models.Figure 10Bi-exponential fitting lines (**A, B**) and distributions of T21 and T22 values (**C, D**) obtained using the torso coil (upper) and endoscope coil (lower) in ROI 1 of Specimen 1.

Discussion {#S0004}
==========

This study has shown by comparison with an external coil that improved tissue differentiation may be obtained in *ex viv*o T2 mapping of cholangiocarcinoma resection specimens using an endoscope coil designed ultimately for internal use. Experimental demonstration was performed using a clinical MRI scanner at 3T, operating commercial mGRASE sequences and T2 mapping software. Results have been correlated with histopathology. The layered structure of granulomatous inflammation -- an early disease indicator -- has been revealed, together with other signs of early- and late-stage disease.

Locally raising SNR using an internal coil allows the performance of a clinical scanner to be raised closer to that of an NMR spectrometer, without the disadvantages of a larger slice thickness (which leads to increased partial volume effects) or number of averages (which results in increased scanning time and RF heating). The use of relaxometry rather than imaging allows this advantage to be exploited directly, despite the spatial sensitivity variation inherent in any reduction of body noise by a smaller field-of-view. Software correction of image brightness and the fiducial markers used to locate the correction centre are both unnecessary. Restrictions on coil orientation are relaxed and the slice orientation may be arbitrary, major advantages for curvilinear lumens. Limited interaction between internal coils of the type demonstrated and an external array should allow the fusion of local, high-resolution T2 mapping with full torso imaging, enabling rapid identification and optimization of the FOV. While no compensation can be made for tissue heterogeneity, the reduction of parameter spread due to thermal noise improves the differentiation of similar T2 values, and renders fitting to higher-order relaxation models more viable. This use of internal coils may have implications for difficult imaging problems, such as delineating CCA precursors that lack the distinguishable perfusion patterns exploited in dynamic contrast enhanced MRI.

Translation to in vivo use involves significant further work. The endoscopic coil demonstrated here is designed to avoid coupling to the scanner during excitation. However, further safety testing is required, following the incorporation of optical imaging and steering. A procedure similar to endoscopic retrograde cholangiopancreatography must then be developed to place the coil close to the target tissue. The coil demonstrated here has axial and radial fields-of-view of around 10 cm and 2 cm, sufficient to encompass the ampulla of Vater and some extrahepatic ducts. Investigation of intrahepatic ducts would require cannulation using a smaller internal coil (for example, a magneto-inductive catheter receiver, which has already demonstrated in guide-wire compatible form[@CIT0050]). SNR advantage must then be demonstrated despite patient motion, for example, using respiratory gating, anticholinergic drugs or motion-insensitive sequences. Finally, T2 values require investigation, to establish typical parameter values and identify multi-exponential processes. Procedural complexity and patient risk suggest that internal coils are unlikely to be used for screening, but may find uses where diagnosis of early-stage disease is unclear or margins must be accurately identified to reduce recurrence. However, the scale of the disease problem in southeast Asia and lack of alternative solutions suggest that further investigations are justified.

The authors gratefully acknowledge funding support from AMMF -- The Cholangiocarcinoma Charity (Ref. 207/112) and the EPSRC Global Challenges Research Fund (Ref. EP/P510798/1). One Author (SZ) is an employee of Philips Healthcare. The authors thank Harry Friel, Dr Christian Stehning, Dr Marc Van Cauteren and Philips Healthcare Thailand for valuable technical support. The advice of Prof. Ross Andrews on parasitology is also gratefully acknowledged. Finally, the Authors acknowledge the significant contribution of their long-standing colleague Professor Ian Young, a pioneer of MRI, who died in 2019.

Disclosure {#S0005}
==========

Shuo Zhang reports technical support for software from Philips outside the submitted work and was an employee of Philips Healthcare Germany at the time of the study. The authors report no conflicts of interest in this work.

[^1]: Ian R Young passed away on September 27, 2019
